The emergence of viruses such as severe acute respiratory syndrome coronavirus and Nipah virus has underscored the role of animal reservoirs in human disease and the need for reservoir surveillance. Here, we used a panviral DNA microarray to investigate the death of a captive beluga whale in an aquatic park. A highly divergent coronavirus, tentatively named coronavirus SW1, was identified in liver tissue from the deceased whale. Subsequently, the entire genome of SW1 was sequenced, yielding a genome of 31,686 nucleotides. Phylogenetic analysis revealed SW1 to be a novel virus distantly related to but most similar to group III coronaviruses.
An estimated 75% of emerging diseases arise from zoonotic sources (30) . Zoological parks and aquariums provide a unique opportunity for emerging virus surveillance. For example, in 1999, the first harbinger of West Nile virus emergence in North America was the mysterious death of birds at the Bronx Zoo/ Wildlife Conservation Park (25) . Thus, zoo populations may serve as sentinels for emerging viruses.
Panviral DNA microarrays represent one approach for massively parallel viral surveillance. We have previously described a panviral DNA microarray (ViroChip) capable of detecting thousands of known viruses as well as novel viruses related to known viral families in a single assay (35) . ViroChip has previously been used to identify severe acute respiratory syndrome (SARS) coronavirus (19, 35) ; xenotropic murine leukemia virus-related virus, a novel human retrovirus, in patients with familial prostate cancer (32) ; and a novel clade of human rhinoviruses (16) .
In this paper, a ViroChip was used to interrogate primary liver tissue from a recently deceased beluga whale for the presence of viruses. Microarray hybridization strongly suggested that a coronavirus was present in the liver tissue. Subsequent complete genome sequencing and phylogenic analysis revealed that the virus was a novel, highly divergent coronavirus most similar overall to group 3 coronaviruses. We have tentatively named this virus coronavirus SW1.
Clinical history and necropsy results. A 13-year-old, male, captive-born beluga whale died after a short medical illness characterized by generalized pulmonary disease and terminal acute liver failure. The liver demonstrated a diffuse increased friability with multifocal, red-yellow mottling and irregularly shaped areas of obvious necrosis (Fig. 1A) . Histological examination of liver tissue demonstrated a severe, multifocal, and coalescing centrilobular-to-massive acute hepatic necrosis (data not shown). To study the liver in more detail, conventional transmission electron microscopy was performed as previously described (12) . Abundant nondescript round viral particles measuring ϳ60 to 80 nm with cores of approximately 45 to 50 nm were identified in the cytoplasm, but this was insufficient to identify the virus (Fig. 1B) . We note that while the observed particles were smaller than those typically associated with coronaviruses, coronavirus particles as small as 50 nm have been reported (26) .
Virus isolation attempts. Liver tissue homogenate was inoculated into bovine turbinate, Vero, MARC 145, primary fetal porcine kidney, rabbit kidney (RK-13Ky), BHK, bovine embryonic testicle, MDCK, bovine pulmonary arterial endothelium, and human rectal tumor 18 cells and embryonating chicken eggs. No evidence of viral growth was observed.
Panviral DNA microarray analysis. RNA was extracted from liver tissue samples of the infected and two control, uninfected whales. Two hundred nanograms of RNA was randomly amplified and hybridized to the panviral microarray as previously described (35) . Multiple oligonucleotides derived from various coronaviruses gave strong hybridization intensity in the infected liver, suggesting the presence of a coronavirus in the infected liver.
Consensus coronavirus PCR and complete genome sequencing. To confirm the microarray findings, reverse transcription-PCR (RT-PCR) was performed with published consensus coronavirus primers (9) . A PCR product of 454 bp that possessed 70% amino acid identity with the 1ab replicase polyprotein of avian infectious bronchitis virus as determined by tBLASTx was obtained (2) . The entire viral genome was subsequently sequenced using shotgun sequencing, RT-PCR, and 5Ј and 3Ј rapid amplification of cDNA ends. The initial assembly was confirmed by sequencing a series of overlapping RT-PCR products, yielding the finished genome of 31,686 nucleotides (nt).
Analysis of viral ORFs. Putative open reading frames (ORFs) were predicted using NCBI's ORF Finder (37) and the results refined using information about the noncoding sequence of SW1 to determine the most likely start sites. SW1 contained 14 putative ORFs (Table 1) , including ORFs with similarity to the five major ORFs conserved in all known coronaviruses (Table 1 and Fig. 2 ). SW1 encoded eight putative accessory proteins whose genes were located between the M and N genes. None of these proteins had any detectable sequence similarity to proteins in other known coronaviruses, and their functional roles are currently unknown. A number of the ORFs had noteworthy features. The ORF 6 protein possessed amino acid similarity (BLAST 1eϪ06) to human astrovirus capsid proteins. Astrovirus capsid proteins have recently been demonstrated to disrupt tight junctions and thereby increase the barrier permeability of polarized cell monolayers, resulting in increased viral dissemination (27) . The ORF 10 protein had significant amino acid similarity to a number of uridine kinases (BLAST 2eϪ26); no virus described to date encodes a uridine kinase (11) . In addition, since some viruses encode secreted proteins that interfere with the host immune response (1, 33) , the accessory proteins were analyzed for the presence of signal sequences by using SignalP (4). The ORF 7 and 8 proteins contained putative signal sequences, suggesting that they may be secreted. Finally, analysis with PolyPhobius (15) suggested that among the accessory genes, ORFs 5b and 9 contained transmembrane domains.
Analysis of noncoding viral RNA. Known coronavirus 5Ј untranslated regions (UTRs) range from 209 to 528 nt (6), including a leader sequence of 65 to 98 nt. In SW1, the 5Ј UTR was 523 nt, with a leader sequence of 79 nt. Typically, the final 7 to 18 nt of the leader form the transcription-regulating sequence (TRS) motif, which defines the 5Ј end of each subgenomic RNA. Using MEME (3), a putative TRS motif was identified. This was experimentally confirmed by amplifying the 5Ј ends of the mRNAs for the N and S genes, using a primer in the putative leader sequence and a second primer within each gene. Comparison of this amplified sequence to the genomic sequence confirmed that the TRS motif was 5ЈA AACA. Ten of the ORFs were immediately preceded by a TRS consensus sequence (Table 1 and Fig. 3 ). While ORFs 3, 5b, and 5c were not preceded by a TRS sequence, internal translation from subgenomic RNAs has been described for coronaviruses (18, 20) . The SW1 3Ј UTR of 369 nt fell within the known size range for other coronaviruses (288 to 506 nt) (6, 29) .
Phylogenetic analysis reveals that SW1 is a novel, highly divergent coronavirus. Coronaviruses are classified based on genomic organization and phylogenetic analysis of full-length genomes (13) . Phylogenetic analysis of the five major ORFs by use of ClustalX V1.83 (31) (Fig. 2A to E) demonstrated that overall SW1 was most closely related to group III coronaviruses. In addition, its genomic organization was also most similar to that of known group III coronaviruses (Fig. 3) .
The emergence of SARS in 2003 marked a renaissance in the field of coronavirology. Since then, new members of the family Coronaviridae have been identified in birds (14, 24) , humans (34, 38) , bats (21, 22, 28, 39) , and wild mammals from Chinese live-animal markets (8) . In this study, we identified a novel coronavirus in the liver tissue of a deceased beluga The detection of a novel coronavirus in a deceased beluga whale raises a number of questions, including whether beluga whales are the natural host for this virus and whether the virus was pathogenic to the whale. There is precedence for animal coronaviruses causing hepatic pathology (23, 36) . In addition, SARS and HKU1 may be associated with liver disease and hepatitis (7, 10) . Thus, the liver damage seen during the beluga whale necropsy (Fig. 1A ) may have been caused by SW1 infection, although this remains to be experimentally verified. Furthermore, it is not yet clear whether beluga whales are the natural host, an amplifying host, or a dead-end host for SW1.
In conclusion, we have used a ViroChip to identify a novel coronavirus directly from primary animal tissues. Furthermore, the identification of a previously unrecognized virus in a captive animal underscores the vast diversity of viruses that remains unexplored in animals. These viruses have the potential to be transmitted to humans or other animals, with significant implications for human and animal health. Continued systematic surveillance of animal populations in zoos and aquaria is key for public health preparedness for future outbreaks.
Accession numbers. Primary microarray data have been deposited in NCBI GEO under accession number GSE9238. The nucleotide sequence for the SW1 genome was deposited in GenBank under accession number EU111742.
